This paper presents wind tunnel experimental results of a flexible wing high-lift configuration with a variable camber continuous trailing edge flap (VCCTEF) design for drag minimization, tested at the University of Washington Aeronautical Laboratory (UWAL) in July of 2014. The objective of the high-lift test in UWAL is to assess the high-lift performance of the VCCTEF. The wing bending stiffness is tailored to achieve a wing tip deflection of about 10% of the wing semi-span at 1-g flight conditions. The VCCTEF is a multi-segment flap design having three chordwise camber segments and five spanwise flap sections for a total of 15 individual flap elements. The high-lift design includes a Variable Camber Krueger (VCK) leading edge device and an inboard high-lift trailing edge flap with a Fowler motion. Two inboard high-lift flap configurations are tested: a single-element plain flap and a three-segment cambered flap. The outboard VCCTEF is rigged at varying flap deflections of up to 30 • formed by a circular arc camber and has no Fowler motion. A premature flow separation associated with the initial configuration of the VCK leading edge device, as indicated by an abrupt stall, was encountered during the initial runs. A final VCK configuration was found experimentally with a varying rigging angle from 65 • at the inboard to 50 • at the outboard. Wind tunnel test results indicate a C L max = 2.13 is achieved for a wing-body configuration with the single-element plain flap versus C L max = 2.09 with the cambered flap. This C L max is close to the desired C L max for a typical Boeing 757 landing configuration. The cambered flap achieves a L/D improvement by 6% over the single-element plain flap due to the reduced profile drag with the cambered flap. Sensitivities due to VCCTEF spanwise deflection shapes, combined Reynolds number / aeroelastic effect, and Fowler slot width were studied. were performed to estimate the values of C L max at flight Reynolds and Mach numbers. The corrections result in estimated C L max = 2.22 for the plain flap and C L max = 2.19 for the cambered flap, roughly about 4% increase. An aeroelastic analysis was performed to analyze the bending deflection measurements from an optical VI-CON system and the torsional twist data computed from the VICON measurements. The bending deflection measurements show very good data consistency, but the computed torsional twist data exhibit high degree of scatter. The wind tunnel test confirms that the high-lift design for the VCCTEF is capable of providing high-lift performance for transport aircraft. The test results also confirm the potential drag reduction benefit for the three-segment cambered flap as compared to the plain flap.
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I. Introduction
The aircraft industry has been responding to the need for energy-efficient aircraft by redesigning airframes to be aerodynamically efficient, employing light-weight materials for aircraft structures and incorporating more energyefficient aircraft engines. Reducing airframe operational empty weight (OEW) using advanced composite materials is one of the major considerations for improving energy efficiency. Modern light-weight materials can provide less structural rigidity while maintaining sufficient load-carrying capacity. As structural flexibility increases, aeroelastic interactions with aerodynamic forces and moments can potentially degrade aerodynamic efficiency.
Under the Advanced Air Vehicles Program in the NASA Aeronautics Research Mission Directorate, the Advanced Air Transport Technology (AATT) Project is conducting multidisciplinary research to investigate advanced concepts and technologies for future aircraft systems. A NASA study entitled "Elastically Shaped Future Air Vehicle Concept" was conducted in 2010 1, 2 to examine new concepts that can enable active control of wing aeroelasticity to achieve drag reduction. This study showed that highly flexible wing aerodynamic surfaces can be elastically shaped in-flight by active control of wing twist and bending deflection in order to optimize the local angles of attack of wing sections to improve aerodynamic efficiency through drag reduction during cruise and enhance lift performance during take-off and landing. One concept resulting from this study is the Variable Camber Continuous Trailing Edge Flap (VCCTEF) developed initially by NASA. 1 Initial study results indicate that, for some applications, the VCCTEF system may offer a potential pay-off in drag reduction that could provide fuel savings. In order to realize the potential benefit of drag reduction by active span-load and aeroelastic wing shaping control while meeting all other performance requirements, the approach for high lift devices needs to be considered as part of the wing shaping control strategy.
NASA and Boeing have jointly developed the VCCTEF further under a research program from 2012 to 2014. 4, 5, 14 This research program was built upon the initial development of the VCCTEF system for the NASA Generic Transport Model (GTM) in 2010. The resulting VCCTEF system developed under this program employs light-weight Shape Memory Alloy (SMA) technology for actuation and three separate chordwise segments shaped to provide a variable camber to the flap. This cambered flap has greater potential for drag reduction as compared to a conventional straight, plain flap. The flap is also made up of individual 2-foot spanwise sections, which enable different flap settings at each flap spanwise position. This results in the ability to actively control the wing twist shape as a function of span, resulting in a change to the wing twist to establish the best lift-to-drag ratio (L/D) at any aircraft gross weight or mission segment. Wing twist on traditional commercial transport designs is dictated by the aeroelastic deflection of a fixed "jig twist" shape applied at manufacture. The design of this jig twist is set for one cruise configuration, usually for a 50% fuel loading or mid-point on the gross weight schedule. The VCCTEF offers different wing twist settings, hence different spanwise loadings, for each gross weight condition and also different settings for climb, cruise and descent, a major factor in obtaining best L/D conditions. The second feature of VCCTEF is a continuous trailing edge flap. The individual 2-foot spanwise flap sections are connected with an elastomer transition material, so as to produce no gaps in between the spanwise sections. This continuous trailing edge flap can potentially help reduce viscous drag and airframe noise.
The VCCTEF is a multi-functional flap system envisioned to be:
• A wing shaping control device to twist the flexible wing and change the span-load distribution to reduce cruise drag throughout the flight envelope.
• A high-lift device for take-off, climb-out, let-down and final approach by using the full span cambered flap.
• A full span roll control effector in lieu of traditional ailerons using the aft section of the cambered flap.
• An aeroservoelastic (ASE) control device to compensate for reduced flutter margins of flexible wings and provide load alleviation control.
As part of the study in 2012 to 2014, two wind tunnel tests were performed in the Kirsten wind tunnel at the University of Washington Aeronautical Laboratory (UWAL) to explore the relative merits of the VCCTEF as a cruise drag reduction wing shaping control device and a high-lift device. The first test entry in August of 2013 was designed as an exploratory test to measure the drag reduction benefit of the VCCTEF. The results of this test have been reported. [7] [8] [9] The second test entry in July of 2014 was designed to assess the high-lift performance of the VCCTEF. 11 This paper reports the results of the second high-lift test entry.
II. Description of the VCCTEF System
The GTM (Generic Transport Model) represents a notional single-aisle, mid-size, 200-passenger transport aircraft generically approximating a Boeing 757, as shown in Fig. 1 . The GTM had been extensively tested in the 14-foot-by-22-foot wind tunnel at NASA Langley Research Center. Thus, wind tunnel test data are available that can be used to validate computational models. The aircraft has a mid-cruise weight of 210,000 lbs for a typical operating load (gear up, flap up) that includes cargo, fuel, and passengers. Fuel weighs about 50,000 lbs for a range of about 3,000 nautical miles. At the design cruise condition of Mach 0.8 at 36,000 ft, the design lift coefficient is 0.51.
To assess the effectiveness of wing shaping control for modern transport aircraft, the GTM wing is modeled with a high degree of flexibility, similar to estimated flexibility distributions on state-of-the-art passenger aircraft wings. The wing bending stiffness is tailored to achieve a 10% wing tip deflection at 1-g flight conditions, which results in a bending stiffness about half that of older-generation transport wings, while the torsional stiffness is about the same. This 10% wing tip deflection is about the same as that of a modern composite high-aspect-ratio wing design in modern transport aircraft such as the Boeing 787.
The VCCTEF is divided into 14 sections attached to the outer wing and 3 sections attached to the inner wing, as shown in Fig. 2 . 4 Each 24-inch section has three chordwise cambered flap segments that can be individually commanded. These cambered flaps are joined to the next section by a flexible and supported material (shown in blue) installed with the same shape as the camber and thus providing continuous trailing edge flaps throughout the wing span with no drag producing gaps.
A major goal of the program is to develop a light-weight flap control system that has a significant weight advantage as compared to current flap screw-jack actuators. Hydraulic, electric and Shape Memory Alloy (SMA) torque rod actuation were evaluated with the result that the SMA actuation has the best weight advantage. Moreover, the use of hinge line actuation eliminates the large and heavy externally mounted actuators, and permits all actuators to be interior to the wing and flap mold lines, thus contributing to the overall drag reduction goal. Figure 3 shows a schematic representation of an outboard wing flap section having three cambered flap segments. 4 SMA actuators drive the first and second cambered flap segments and a faster acting electric actuator drives the third cambered flap segment. SMA actuators can deliver large hinge moments, but generally move at a slow rate. The outboard wing flap uses the full-span third cambered segment as a roll command effector and as a control device for suppressing aeroelastic wing structural dynamic modes, both requiring high rates which can be met by electric actuators.
Using the camber positioning, a full-span, high-lift configuration can be activated that has no drag producing gaps and a low flap noise signature. This is shown in Fig. 4 . To further augment lift, a slotted flap configuration is formed by an air passage between the wing and the inner flap that serves to improve airflow over the flap and keep the flow attached. This air passage appears only when the flaps are extended in the high lift configuration. In the high-lift configuration, the outer wing flap uses the third cambered segment for roll control, as shown in Fig.  5 . This provides rolling moment that is equivalent to aileron control. It is somewhat similar to deflecting the ailerons in a droop position to act as flaps, a common procedure used on tactical aircraft and on some transport aircraft. The high-lift configuration distributes the required flap hinge moment throughout the span of the wing while using actuation components that are all located interior to the wing and flap. This can be achieved by the use of SMA hinge line torque rods, sized to meet the hinge moment requirements at each spanwise location on the wing. Figure 6 illustrates the GTM equipped with the VCCTEF for wing shaping control. By actively shaping the wing aerodynamic surface using the VCCTEF, optimal aerodynamic performance could potentially be realized at any point in the flight envelope. This is a mission-adaptive flexible wing concept. It is a key enabling feature of the research area Performance Adaptive Aeroelastic Wing (PAAW) in the AATT project. The term "performance adaptive aeroelastic" distinguishes itself from the earlier term "mission adaptive" in that the effect of aeroelasticity on aerodynamic performance must be fully accounted for as is the case for modern transport design. The VCCTEF relies on two mechanisms to improve aerodynamic performance: 1) wing twist optimization for flexible wing design, and 2) variable camber and continuous trailing edge for improved aerodynamics. This technology could enable modern high-aspect ratio flexible wing aircraft with significant flexibility to adaptively change wing shapes in-flight to achieve cruise drag optimization, while at the same time satisfying operational constraints such as structural load limitations, flutter margins, gust and maneuver load responses, and others by active aeroservoelastic controls. 
III. Wind Tunnel Model of Flexible Wing
For exploratory assessment of the aerodynamic potential of the VCCTEF concept, a 10%-scaled aeroelastic model of a softened Boeing 757-based GTM wing was constructed for a wind tunnel experimental investigation in the University of Washington Aeronautical Laboratory (UWAL). The semi-span of the model is 73.29 inches, as shown in Fig. 7 . The wing model is constructed of woven fabric composites skin and extruded polystyrene foam core. The composite laminates and extruded polystyrene foam core are structurally tailored to attain half of the bending stiffness of the scaled baseline GTM wing while keeping torsional stiffness about the same. This tailored stiffness is to achieve a 10% wing tip deflection at 1-g conditions. The VCCTEF parts are fabricated by 3D printing. There are five spanwise VCCTEF sections, each with three cambered segments that form a trailing edge cambered surface. The flap segments are mechanically interlocking aerodynamic surfaces in the chordwise direction, as shown in Fig. 8 . Plastic inserts are used to model a flexible transition material in between the spanwise flap sections. The flap segments are hinged at three chordwise locations and are designed to be fully adjustable. The dimensions of the VCCTEF are shown in Fig.  9 . The center body of the wind tunnel model provides an aerodynamic fairing over the mounting of the wing to the wind tunnel's floor mount and was shortened somewhat relative to a full-scale airliner fuselage. The five VCCTEF flap sections are numbered from 1 at the inboard to 5 at the outboard. Each flap section is comprised of three cambered segments labeled as A for the innermost cambered segment, B for the middle cambered segment, and C for the trailing edge cambered segment. This is shown in Fig. 10 . The position angle is denoted by (a/b/c) where a, b, and c are flap positions in degrees relative to the forward flap segment. For segment A, the position angle is with respect to the fixed wing portion.
The relevant model scaling information is given in Table 1 . The wind tunnel test is designed to be an exploratory, proof-of-concept study. The objective of the wind tunnel experiment is to explore the relative merit of the VCCTEF design as a drag reduction control device, and the ability to simulate the problem in a relatively low-cost test. Lift, drag, side force, pitching moment, yawing moment, and rolling moment were recorded from the external floor-mounted balance. In addition, aeroelastic deflections of the flexible wing model were also measured by a VICON motion tracking system. 10 The VICON system measured a three-dimensional displacement field of the wind tunnel model at several target locations on the model.
IV. High-Lift Design and CFD Analysis
Typical high-lift flaps for transport aircraft use a Fowler flap design in conjunction with a leading edge device such as the Variable Camber Krueger (VCK) leading edge device to increase C L max . The Fowler motion requires flap track gearing mechanisms to translate the flap rearward to increase the effective wing surface area. These flap track mechanisms and the associated fairing covers can add a significant weight to the overall system weight. One option to simplify the high-lift system is to use the Fowler flap design only for the inboard high-lift flap. The outboard VCCTEF will not have the Fowler motion and instead will only rely on hinge-line actuation mechanisms provided by the SMA and electric actuators. Figure 11 illustrates the high-lift wind tunnel model. 11 Figure 12 is an assembly view showing the component build-up of the wind tunnel model. Because of the structural flexibility, the VCK leading edge device is fabricated in 12 individual segments with gap seals in between. The break in the VCK leading edge device is designed to allow the wing to bend without causing structural issues for the VCK and also to not introduce additional bending stiffness to the wing structure. Moreover, they are made to be individually adjustable. The VCK segments are attached to the main wing structure by brackets as shown in Fig. 13 . The VCK segments are numbered from 1 at the inboard to 12 at the outboard. • and 65
• , were examined. The VCK rigging angles are relative to the forward projected airfoil centerline and not relative to a VCK under-wing stowed mechanical position. The Spalart-Allmaras turbulence model 14 is used with pre-specified laminar regions on the main wing element and flap, but the VCK is assumed to be in fully laminar flow. The flow condition corresponds to the test section condition limited by balance load limit of 100 lbs at Mach 0.067 and Reynolds number 8.9 × 10 5 .
The OVERFLOW 2D results show that the VCK rigged at 65
• provides a much better attached flow at the wing leading edge than when it is rigged at 55
• . This is shown in Fig. 14. The OVERFLOW results for the three different high-lift flap configurations indicate a significant flow separation associated with the cambered flaps as shown in Fig.  15 . Thus, the baseline high-lift configuration was selected to be one with the VCK rigged at 65
• and the single-element plain flap at 30
• deflection. In addition, the cambered flap at (10 • /10 • /10 • ) deflection was also fabricated and tested. It should be noted that the 2D lift prediction in general is more conservative than a 3D lift prediction due to the 3D spanwise relief. So the results only serve as a guide for the high-lift design. • W2.2 -Wing with trip dots placed 0.5 inch back from wing leading edge.
• HLF0 -inboard high-lift plain flap with 0 • deflection.
• HLF1 -inboard high-lift plain flap with 30 • deflection.
• HLF2 -inboard high-lift three-segment cambered flap with 10 • /10 • /10 • deflection, where the individual flap deflections are defined relative to the forward wing or chordwise flap segment.
• VCK -Baseline VCK rigged at 65 • .
• VCK1.1 -Baseline VCK with trip dots placed 1 inch from VCK leading edge.
• VCK1.2 -VCK with segments 8 to 12 rigged at a varying rigging angle from 65 • to 60.5 • .
• VCK1.3 -VCK with segments 8 to 12 rigged at 50 • .
• VCK1.4 -VCK with segments 8 to 12 rigged at 50 • and segments 5 to 7 rigged at 57. • VCK1.5 -VCK1.1 configuration with VCK 3/8-inch trailing edge extension for outboard 10.75-inch of VCK.
• FLAP0 -VCCTEF deflections are set at (0 • , 0 • , 0 • ) for all flap sections.
• FLAP1 -VCCTEF deflections are set at (10 • , 10 • , 10 • ) for all flap sections.
• • FLAP3 -VCCTEF deflections are set at (10
• FLAP4 -VCCTEF deflections are set at (10 • , 10 • , 10 • ) for flap section 1, There are a total of 58 test runs, of which the results from 44 runs were usable. The test run matrix is shown in Table  2 .
Run Numbers Configurations The first ten runs were with the fuselage body alone. These runs are designated B1. Almost all of the high-lift test runs were conducted with the plain flap configuration HLF1. Runs 15 to 18 were designed to be repeat runs to compare with the clean wing data from the cruise configuration test in 2013. Runs 23 to 39 were exploratory runs to identify possible fixes to a premature stall of the baseline VCK configuration. Runs 40 to 58 are with the final configuration with the VCK re-rigged to the proper rigging angles, designated as VCK1.4. Due to the balance load limit, the test was conducted at a nominal dynamic pressure of about 5.8 psf. Figure 16 is a photo of the high-lift wind tunnel model in the UWAL test section. The clean wing stalls at about α stall = 15 • corresponding to C L max = 1.09 at q ∞ = 9 psf. The gradual stall characteristic is typical of a flow separation on the wing upper surface. The transition in the drag characteristic from parabolic to nearly linear with respect to the angle of attack is indicative of flow separation. Because the wind model is aeroelastically scaled so that the flexibility is representative of a full-scale transport wing, it actually exhibited low-frequency unsteady aeroelastic "bouncing" motion in the presence of stall buffet, very similar visually to full-scale transport wings during stall maneuvers.
Comparing to the clean wing run from the cruise configuration test, there is a marked shift in the lift curve. The clean wing in the cruise configuration test has a lower lift at the same angle than that in the high-lift test. The offset in the lift coefficient at zero angle of attack is ∆C L 0 = 0.05 and the offset in the zero lift angle of attack is ∆α 0 = −0.8 • . The lift curve slopes between the two tests are about the same, thus indicating that the wing stiffness is nominally about the same as the stiffness affects mostly the lift curve slope. Thus, the bias in the two lift curves suggests a number of possibilities. One possibility is that the wing incidence angle between the two tests might be different. Another possibility is that the actual flap deflections were not at their correct settings during the cruise configuration test as observed in 2013.
It is also interesting to note that the last two points on the lift and drag curves from the cruise configuration test reveal a different characteristic in the data which could suggest a potential incipient stall behavior as the drag curve begins to break away from the nominal drag bucket at low angles of attack.
Some of the test data were reduced with fuselage force and moment contributions removed from the total force and moment measurements. These data are intended to provide wing-alone force and moment measurements. Figures 18(a) and (b) show the lift and drag comparison between the wing-fuselage and wing-alone measurements. By removing the fuselage contributions, lift and drag are reduced by a small amount, but more noticeably for drag. The difference in lift becomes more noticeable at higher angles of attack. The wing-alone data are deemed not as useful for a CFD validation or a correlation with a full-scale wing-body configuration. Therefore, all the test data subsequently reported in the paper include the total force and moment measurements on the wing-fuselage wind tunnel model.
Figures 19(a) and (b) are the plots of the lift and drag curves with the baseline VCK installed on the otherwise clean wing. The VCK is designed to extend the range of C L max by increasing the effective wing surface area and the camber at the leading edge for low-speed flow. The powerful effect of the VCK on lift is noticed as the C L max value increases from about 1.04 for clean wing at q ∞ = 4 psf to 1.57 at q ∞ = 6 psf. The lift curve at low angles of attack is generally nonlinear. The lift coefficient with the VCK is lower than that for the clean wing at the same angle of attack. A significant increase in drag also accompanies. The sharp break in the lift curve at α = 17 • is indicative of an abrupt stall due to a premature flow separation associated with the VCK. This abrupt stall was observed during the wind tunnel test as an audible source of high-frequency acoustic signal emitting from the model. Because of the abrupt stall, the potential to achieve the highest possible C L max was limited by the baseline VCK. Tufts were installed on the model for flow visualization which revealed aerodynamic issues with flow separation in the wing outboard area. This suggests that the 65 • rigging angle was not optimal for the outboard VCK segments. The 2D CFD analysis was performed for the inboard wing section with the high-lift Fowler flap. Therefore the 65 • rigging angle is only suitable for the inboard VCK segments.
Because of the noted abrupt stall of the baseline VCK, during the next several runs, various attempts were made to correct the premature flow separation of the VCK. Some simple solutions such as vortex generators (VG's) and boundary layer trip dots were attempted but did not seem to improve the flow. The most effective solution was to re-rig the VCK segments to different rigging angles. Five different VCK rigging configurations were tried. The VCK1.4 configuration was found to be the best among the five configurations. The re-rigging was accomplished by adding wedged shims to the VCK attachment brackets as shown in Fig. 20 . In addition, because the high-lift test was conducted at fairly low Reynolds numbers where a significant portion of the wing could be in the laminar boundary layer, trip dots were placed on the main wing very close to the leading edge, shown in Fig. 21 , in order to transition the flow to a fully turbulent flow over the main wing. Figures 23(a) and (b) are the lift and drag curves for all the five VCK re-rigging configurations with the high-lift plain flap configuration HLF1 and the VCCTEF configuration FLAP4. This represents a typical high-lift configuration for approach. It is apparent that the VCK1.4 configuration was able to extend the range of the angle of attack up to α stall = 21.5 • corresponding to the highest C L max = 2.09. In contrast, the baseline VCK stalls at α stall = 17 • corresponding to C L max = 1.73. All other VCK configurations more or less perform about the same. The VCK1.4 configuration also results in lower drag than the other VCK configurations since the flow is attached at higher angles of attack than the other configurations. The VCK1.4 configuration is then used for the rest of the test. It is noted that this C L max value is close to the desired C L max for a typical transport landing configuration. Thus, it appears that a viable level of high-lift performance could be attained with the VCK1.4 configuration. The high-lift plain flap is the baseline high-lift configuration, In addition, the high-lift cambered flap was also tested. For the same deflection, a cambered flap produces less lift and lower drag than a plain flap. This reduction in lift is consistent with aerodynamic theory. The lift coefficient for a cambered flap can be estimated using the potential flow theory. By deploying a flap, the effective angle of attack of a wing section increases. This effective angle of attack results in an incremental lift which can be estimated from 2D thin airfoil potential flow theory by the following formula: 7
where
is the angle of attack sensitivity which is given by
where c * = 1 − 2
c , c is the airfoil chord, and x i is the flap hinge position of the i-th flap segment measured normal to the hinge axis from the leading edge.
The drag reduction comes from the profile drag which is lower for a cambered flap than a plain flap for the same trailing edge deflection angle or the same lift coefficient. Figures 27(a) and (b) are the comparison of the lift and drag curves between the plain flap configuration HLF1 and the cambered flap configuration HLF2, both deflected to a 30 • deflection angle at the trailing edge. The cambered flap, as expected, produces less lift with C L max = 2.04 versus C L max = 2.09 for the plain flap, a 2.4% reduction. On the other hand, the drag coefficient of the cambered flap is about 0.02 (200 drag counts) less than the drag coefficient of the plain flap up to the stall angle of attack as shown in Fig.  27(b) . This drag offset is due to the reduced profile drag on the cambered flap. Figures 28(a) and (b) are the drag polar and the L/D plots of the cambered flap and plain flap. The cambered flap produces about 6% improvement in L/D over the plain flap, which translates into a 6% reduction in the profile drag at the maximum L/D. While at high-lift conditions, lift production is the most important requirement, the results confirm the drag reduction benefit of the three-segment cambered flap which could favorably impact engine-out climb gradients and community noise. 
where w is the slot width andc is the mean aerodynamic chord. The reference slot width is w re f = 0.25 inch. The Reynolds number / aeroelastic effect was also investigated for both the plain flap and cambered flap configurations HLF1 and HLF2. It should be noted that, because the flexible wing wind tunnel model is an aeroelastic model with a significant wing aeroelastic deflection, there is no "pure" Reynolds number effect. As the dynamic pressure changes, both the Reynolds number effect and aeroelastic effect act together to change lift. In general, C L max increases with increasing the Reynolds number 15, 16 but decreases with increasing the dynamic pressure for a sweptback wing. 7 Figures 30(a) and (b) are the lift curves and drag polars for the high-lift plain flap configuration HLF1+FLAP1+VCK1.4 at a varying dynamic pressure q ∞ = 1 psf to 5.8 psf. As the dynamic pressure, hence Reynolds number, increases, the skin friction coefficient decreases for a fully turbulent boundary layer. 17 As a result, viscous drag generally decreases while lift increases with increasing Reynolds number. This is evident in Figs. 30(a) and (b). This also suggests that the Reynolds number effect outweighs the aeroelastic effect at stall. Otherwise, the trend of increasing C L max with increasing the dynamic pressure would have been reversed. There is a marked change in the lift and drag characteristics at α = 11 • for q ∞ = 1 psf, corresponding to a Reynolds number per unit length of 0.17906 × 10 6 /ft, possibly indicating of a flow separation. At a dynamic pressure above 1 psf, the lift and drag characteristics appear similar. where Re is the Reynolds number based on the mean aerodynamic chord, and a is obtained from curve-fitting.
The correlations with C L max at q ∞ = 1 and 4 psf are not as good as with the other values of C L max . Using only the data for q ∞ = 2, 3, 5, and 5.8 psf, a = 0.0896624. Reference 16 suggests a = 0.1, which is in good agreement with the data.
For a typical transport aircraft similar the Boeing 757, a typical approach speed is about 140 knots at sea level. Using a conservative 30% stall speed margin, the stall speed is about 108 knots. This correspond to a flight Reynolds number of 19.2048 × 10 6 based on the MAC of 16.6417 ft. The reference Reynolds number for q ∞ = 2 psf is 0.402416 × 10 6 . Thus, if the correlation equation (4) is used for the Reynolds number correction, a 40% increase in C L max would result. It is obvious that the Reynolds number correction using low Reynolds number data based on the correlation equation (4) is not reliable. Also the correlation equation (4) may be applicable for a "pure" Reynolds number correction, but for an aeroelastic model, this correction may result in an over-estimation of C L max since the aeroelastic effect causes C L max to decrease with increasing the dynamic pressure.
An alternative correlation is sought based on an exponential function as
Discarding the data at q ∞ = 4 psf, the correlation yields a = 1.13063, b = 0.409968, and c = 1.14775, as shown in Fig. 31 (b) . Applying this correlation to the flight Reynolds number results in 13% increase in C L max over the baseline C L max = 1.9409 at 1 psf, or C L max = 2.1944, which seems to be reasonable. To correct for the Mach number effect, one can use the Prandtl-Glauert subsonic compressibility correction. This is only an approximate method since the flow at stall is nonlinear whereas the Prandtl-Glauert subsonic compressibility correction is applicable to linear subsonic flow. The Mach number correction factor also includes the effect of wing sweep. Thus
where Λ is the sweep angle of the wing leading edge. The stall speed is about Mach 0.16 whereas the reference speed is about Mach 0.03. For a sweep angle Λ = 28 • , the Mach number correction results in 1% increase in C L max or C L max = 2.2169.
It should be noted that the C L max correlation is for a wing with no engine nacelle and no horizontal tail. So, the C L max estimate may not directly translate into a C L max for a complete aircraft configuration. Nonetheless, this C L max correlation can serve as a guide in the design of a high-lift system for a flexible wing transport similar to the high-lift configuration tested. Figures 32(a) and (b) illustrate the Reynolds number / aeroelastic effect on drag. As the dynamic pressure increases, drag decreases for α 0 but actually increases for α 0 as seen in Fig. 32(a) . 
VI. Aeroelastic Analysis
Aeroelasticity affects the lift distribution of a flexible wing. For linear aerodynamics, the lift coefficient of a flexible wing section is computed as
where c * L α (ȳ) is the rigid section lift curve slope, α r (y) is the rigid local angle of attack, and α e (y) is the elastic angle of attack which is given by 18
where Θ is the wing torsional twist about the elastic axisȳ (positive leading edge up), W is wing bending deflection along the elastic axis (positive upward), and Λ is the sweep angle of the elastic axis. The wing bending deflection and torsional twist are described by the coupled bending-torsion aeroelastic equations
where e is the offset of the elastic center from the aerodynamic center in the streamwise direction. The weak-form expression of the aeroelastic equations can be formulated as
where K is the generalized structural stiffness, K a is the generalized aerodynamic stiffness, U = W Θ is the generalized displacement vector, F α is the generalized aerodynamic force derivative with respect to the angle of attack, and F 0 is the generalized aerodynamic force at zero angle of attack.
The generalized displacement is then expressed as
Thus, the wing bending and torsional twist are function of the angle of attack as
where Φ (ȳ) and Ψ (ȳ) are the bending and torsional mode shapes, and
For small q ∞ , the inverse of the total stiffness matrix is approximated by a series expansion as
Then, W (ȳ) and Θ (ȳ) vary approximately as cubic functions of the dynamic pressure as
The flexible wing lift coefficient C L and the rigid wing lift coefficient C * L are related by aeroelasticity according to
Then, the flexible wing lift curve slope is related to the rigid wing lift curve slope by the expression
Similarly, the lift coefficient at zero angle of attack for the flexible wing is related to that for the rigid wing by the expression
For sweptback wings, C L α is generally less than C * L α
. For an elliptical lift distribution, it can be shown that
It is noted that the aeroelastic analysis above is based on linear aerodynamic theory. At a stall angle of attack, the aerodynamic characteristic is nonlinear. So a nonlinear aeroelastic analysis will be required for detail analysis of the aeroelastic effect on C L max .
At a constant angle of attack, the wing bending deflection and torsional twist increase with the dynamic pressure. This causes lift to decrease with the dynamic pressure, as observed in the cruise configuration test in 2013. 7 Thus, the aeroelastic effect offsets the Reynolds number effect which causes lift to increase with the dynamic pressure. At α stall corresponding to C L max , the Reynolds number effect is apparently more dominant than the aeroelastic effect. At lower angles of attack, the aeroelastic effect is evident as shown in Fig. 35 which shows the C L at α = 4 • for the high-lift configuration HLF1+FLAP1+VCK1.4 actually decreases with the dynamic pressure above 3 psf. Aeroelastic corrections will be required to estimate the aeroelastic effect on C L max for a full-scale configuration in addition to the Reynolds number and Mach number corrections. The bending deflection of a full-scale configuration is expressed as
where the subscript f denotes the full-scale configuration and F f is the generalized aerodynamic force vector of the full-scale configuration. In contrast, the bending deflection of the wind tunnel model is
Then the lift coefficient C L f for the full-scale configuration can be estimated as
This equation can be non-dimensionalized as
If the wind tunnel model is scaled geometrically using the same scaling factor throughout, then (ȳ) is the same between the full-scale configuration and the wind tunnel model, then the aeroelastic correction for the lift coefficient only depends on the change in the normalized wing shape given by the following formula:
The aeroelastic correction is zero if the normalized wing shape is the same between the full-scale configuration and the wind tunnel model. This would require proper stiffness scaling.
Aeroelastic deflection measurements were taken with the VICON motion tracking system. The VICON system uses optical targets, called dots, to create a three-dimensional displacement field of the wind tunnel model as it is under load. Figure 36 is a schematic diagram of the wind tunnel model showing the VICON measurement points. The bending deflections and torsional twists of the wind tunnel model for run 55 for the high-lift plain flap configuration HLF1+FLAP1+VCK1.4 and run 58 for the high-lift cambered flap configuration HLF2+FLAP1+VCK1.4 at q ∞ = 5.8 psf are shown in Figs. 37(a) and (b) , respectively. The bending deflections for the two runs are very similar but there appears to be a small offset between the two bending deflections. The torsional twists are not consistent across the wing span. This is because the torsional twists are not directly measured but rather are computed from the displacements measured at the leading edge and trailing edge. The difference between the two numbers is typically very small. Thus, the computed the torsional twists are not expected to be as reliable as the bending deflections. The largest torsional twist is about 1.2 • leading edge up, indicating that the lift contribution to the pitching moment is larger than the pitching moment at the aerodynamic center.
The continuous bending deflection can be reconstructed from the bending deflection measurements by the following modal correlation method: 7
where w is a vector of the measured bending deflections atȳ =ȳ i , and The advantage of computing the continuous bending deflection using the modal correlation is that it is based on orthogonal mode shape functions which properly account for structural dynamics of the flexible wing with proper boundary conditions. Therefore, the bending slope can be evaluated analytically from the mode shape derivatives as opposed to by a finite-difference method which can cause inaccuracy. Furthermore, numerical integration can be performed more accurately.
The bending slope is computed as
Similarly, the continuous torsional twist can be approximated by
where θ is a vector of the computed torsional twists from the VICON measurements. Figures 38(a) and (b) are the continuous bending deflection and torsional twist computed by the modal correlation using the first three mode shapes of a cantilever beam and a fixed-free torsion rod. Table 3 shows the modal correlation of the bending deflection and torsional twist. The bending deflection has a better modal correlation, as shown by the decrease in the modal contribution as the order of the mode shape increases. The modal contributions to both the bending deflection and torsional twist are primarily due to the respective fundamental mode shapes.
Run 55
Run 58 Using the functions W (ȳ) and Θ (ȳ), one can estimate the rigid wing lift coefficient C * L . Figures 39(a) and (b) are the estimated wash-out twist derivatives of
∂ȳ sin Λ, Θ (ȳ) cos Λ, and α e (ȳ) with respect to α. Using the previous data points of runs 55 and 58 from the C L max data points, C L α and C L 0 are estimated using an assumption of an effective linear lift curve, which is not strictly correct but may be used as an approximation. Table 4 shows the results of the rigid wing lift coefficient calculation for runs 55 and 58. The rigid wing lift coefficient for run 50 is estimated to be only 1.2% higher than the flexible wing lift coefficient. On the other hand, the rigid wing lift coefficient for run 58 is actually slightly lower than the flexible wing lift coefficient by 0.2%. In theory, as a stall is approached, lift decreases until the lift curve slope is zero, at which point the effect of aeroelasticity becomes small. Note that even though the lift curve slope of a wing may be near zero, the local section lift curve slope can vary significantly. Thus, the effect of aeroelasticity always exists even at a stall condition. 
VII. Conclusions
This paper presents wind tunnel experimental results of a flexible wing high-lift configuration with a variable camber continuous trailing edge flap (VCCTEF) design, tested at the University of Washington Aeronautical Laboratory (UWAL) in July of 2014. The wing structural stiffness in bending is tailored to be half of the stiffness of a Boeing 757-era transport wing, while the torsional stiffness is about the same. This stiffness reduction results in a wing tip deflection of about 10% of the wing semi-span at 1-g flight conditions. The VCCTEF high-lift design does not have a Fowler slot between the main wing and the flap. The high-lift design also includes a Variable Camber Krueger (VCK) leading edge device and an inboard high-lift trailing edge flap with a Fowler motion. The baseline VCK was rigged at 65 • uniformly across the wing span based on a two-dimensional CFD analysis. A premature flow separation associated with the VCK leading edge device, as indicated by an abrupt stall, was encountered during the initial runs. Flow control methods using vortex generators and boundary layer trip dots were applied but did not produce a desired effect. It was found that changing the VCK rigging angle has a much greater effect. A final VCK configuration was found experimentally with a varying rigging angle from 65 • at the inboard to 50 • at the outboard.
Wind tunnel test results indicate a C L max = 2.13 is achieved for a wing-body configuration with the single-element plain flap versus C L max = 2.09 with the cambered flap. The high-lift C L max is close to the desired C L max for a typical Boeing 757 landing configuration. The wind tunnel test thus confirms that the high-lift design for the VCCTEF is capable of providing high-lift performance for transport aircraft. The cambered flap was found to have a higher L/D by 6% over the single-element plain flap due to the reduced profile drag associated with the cambered flap. The test results thus also confirm the potential drag reduction benefit for the three-segment cambered flap as compared to the plain flap.
Sensitivities of C L max to the VCCTEF spanwise deflection shapes, Fowler slot width, and Reynolds number / aeroelastic effect were studied. 2% Variations in C L max and L/D were noted among four different VCCTEF spanwise deflection shapes with uniform spanwise deflection achieving the highest C L max but also the lowest L/D. Test results for various Fowler gaps ranging from 0.25 inch (baseline) to 0.5 inch show that C L max slightly increases with the Fowler slot width. Because the wind tunnel is an aeroelastic model with a significant aeroelastic deflection, the typical Reynolds number effect and aeroelastic effect act in a combined fashion to produce the sensitivity of C L max to the dynamic pressure. Test results show increasing C L max and decreasing C D with increasing Reynolds number, as normally expected for a stiff wind tunnel model. This suggests that the Reynolds number effect outweighs the aeroelastic effect at stall. Reynolds and Mach number corrections were performed to estimate the values of C L max at flight Reynolds and Mach numbers. The corrections result in estimated C L max = 2.22 for the plain flap and C L max = 2.19 for the cambered flap, roughly about 4% increase.
An aeroelastic analysis was performed to analyze the bending deflection measurements from an optical VICON system and the torsional twist data computed from the VICON measurements. The bending deflection measurements show very good data consistency, but the computed torsional twist data exhibit high degree of scatter are are not considered reliable. An aeroelastic correction method for lift is derived and shows that the lift correction only depends on the wing aeroelastic deflection shape. A rigid wing lift coefficient C L max is estimated. The difference between the flexible wing C L max and rigid wing C L max is small because the aeroelastic effect is strongly dependent on the lift curve slope which tends to zero at a stall angle of attack. A nonlinear aeroelastic analysis will be required for analyzing aerodynamic stall.
In summary, the objective of the high-lift wind tunnel test was met and the test results support the high-lift capability of the VCCTEF as a viable concept for a high-lift system.
